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Incubating unfertilized sea urchin eggs in weak bases activates nuclear centering, DNA synthesis, and chromosome cycles.
These effects were initially attributed to raising the intracellular pH (pHi), but later experiments indicated that these weak
bases also lead to increases in reduced pyridine nucleotides. These findings raised the question whether the activation of the
nucleus was due to increased pHi or to increased NAD(P)H or possibly other effects. This report attempts to clarify how
ammonia activates eggs by independently altering NADPH and pHi. To increase the pHi, unfertilized eggs were injected
ith zwitterionic buffers. This stimulated pronuclear centering, DNA synthesis, and nuclear envelope breakdown; there
ppeared to be a threshold corresponding to the fertilized pHi. However, like incubation in ammonia, injection of base also
ncreased NAD(P)H. The NAD(P)H rise caused by directly raising the pHi occurred in the presence of intracellular calcium
helators, indicating that calcium is not required. Increasing NAD(P)H alone did not activate nuclear centering, DNA
ynthesis, or nuclear envelope breakdown. Although these experiments cannot eliminate a role for the NADPH increase in
nitiating events leading to nuclear centering and entry into mitosis, they provide additional and strong evidence that
ncreasing the pHi may be a primary signal. © 1999 Academic PressKey Words: fertilization; egg; pH; NADPH.
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uINTRODUCTION
Mature sea urchin eggs are stored for months in the ovary
where they are metabolically quiescent; the eggs do not
synthesize DNA, they have a low rate of respiration, and
there is a low level of protein synthesis (Epel, 1997). The
calcium rise initiated at fertilization (for review see Shen,
1995; Epel, 1997) directly and indirectly results in blocks to
polyspermy, a 10- to 50-fold increase in protein synthesis,
cytoskeletal changes, activation of DNA replication, and
resumption of the cell cycle.
Calcium stimulates a sodium/hydrogen exchanger which
raises the pHi (Johnson et al., 1976; Shen, 1989), and the
ncreased pHi may act as an additional signal downstream
from the calcium increase. Calcium also activates the
calmodulin-mediated enzyme NAD kinase (Epel et al.,
1981) and a subsequent increase in pentose shunt activity
(Swezey and Epel, 1986, 1995), resulting in an increase in
NADPH and a higher ratio of NADPH/NADP (Epel, 1964).
NADPH is used to produce hydrogen peroxide to harden the
fertilization envelope (Foerder and Shapiro, 1977; Foerder et
(
t
394l., 1978), is a substrate for reductive biosynthetic reactions
Rees et al., 1996), activates protein synthesis through the
nitiation factor eIF-2b (Hunt et al., 1983; Dholakia et al.,
986; Colin et al., 1987; Akkaraju et al., 1991), and may be
nvolved in the activation of nuclear processes (as will be
iscussed below).
An early indication that the pHi increase is involved in
sea urchin egg activation came from studies which
showed that incubating eggs in ammonia and other weak
bases, which raises pHi (Shen and Steinhardt, 1978, 1979)
without increasing calcium (Poenie et al., 1985), mimics
fertilization by causing centering of the egg pronucleus
(Epel et al., 1974), increasing protein synthesis (Epel et
al., 1974), initiating DNA synthesis (Mazia and Ruby,
1974), and turning on chromosome cycles (Mazia, 1974).
Prevention of the pHi rise by transferring fertilized eggs
o sodium-free sea water (Chambers, 1976) to block the
odium/hydrogen exchanger (Johnson et al., 1976) or by
sing acetate to buffer embryos at the unfertilized pHRees et al., 1995) blocks pronuclear movements (Schat-
en et al., 1985; Dube´ et al., 1985), partially diminishes
0012-1606/99 $30.00
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395Roles of pH and NADPH in Egg Activationthe activation of translation (Rees et al., 1995), and
prevents cleavage (Chambers, 1976).
As noted, ammonia increases the pHi by acting as a
permeant weak base (Shen and Steinhardt, 1978; Winkler
and Grainger, 1978), and the activation of protein synthesis
and DNA synthesis was assumed to be an effect arising
from the pHi increase. This hypothesis was questioned by
he finding that ammonia, in addition to raising pHi, also
auses an increase in reduced pyridine nucleotides (Whi-
aker and Steinhardt, 1981), which as noted above was
ssumed to be an independent consequence of fertilization.
mine compounds also stimulate translation indepen-
ently of a pH rise by an unknown mechanism (Dube´ and
pel, 1986). Ammonia also could accumulate in and disrupt
he function of acidic vesicles such as lysosomes (Dean et
l., 1984).
In this paper, we attempted to separate the effects of
ncreased pHi and NADPH on three nuclear events that follow
gg activation: pronuclear centering, DNA synthesis, and
uclear envelope breakdown (NEBD). pHi was measured using
uorescence microscopy with the pH indicator 29,79-
is(carboxyethyl)-5(6)-carboxyfluorescein (BCECF). Reduced
yridine nucleotides were measured by in situ fluorescence,
nd we provide data which indicated that NAD(P)H can be
uantified in single eggs. DNA content was also measured in
ingle eggs following fixation and staining with 49,6-
iamidino-2-phenylindole (DAPI). NADPH levels were di-
ectly augmented by microinjection of NADPH, and pHi was
directly increased by injection of the pH buffer bicine.
This study provides new insights into the roles of pH and
NADPH in the activation of pronuclear movements and
entry into mitosis. However, similar to the effect of increas-
ing the pHi by incubation in weak base, increasing the pHi
by injection of bicine led to an increase in NAD(P)H, so it
was not possible to dissociate the pHi change from the
NAD(P)H increase. The calcium requirement of this pH-
dependent mechanism of NAD(P)H formation was also
investigated.
MATERIALS AND METHODS
Materials
BCECF conjugated to dextran (Mr 40,000) and 1,2-bis(2-
aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid (BAPTA, tet-
rapotassium salt) were both purchased from Molecular Probes
(Eugene, OR). Ethanol was purchased from Gold Shield Chemical
Co. (Hayward, CA). Glacial acetic acid was purchased from J. T.
Baker (Phillipsburg, NJ). Filtered sea water (FSW) was 0.2 mm
filtered sea water from Monterey Bay. All other chemicals were
reagent grade and were obtained from Sigma Chemical Company
(St. Louis, MO).
Phosphate-buffered saline (PBS) is 0.8% NaCl, 0.02% KCl,
0.144% Na2HPO4, and 0.024% KH2PO4 (pH 7.2). PBS–Tx is phos-
hate buffered saline containing 0.1% Triton X-100.
Lytechinus pictus were purchased from Marinus Biological Sup-
ly Company (Long Beach, CA). Gametes were shed by intracoelo-
ic injection with 0.5 M KCl. Eggs were spawned aboral side down
Copyright © 1999 by Academic Press. All rightver a beaker containing FSW and dejellied by several passes
hrough 120-mm Nitex mesh, followed by repeated hand centrifu-
gation and resuspension in FSW. Sperm were collected dry and kept
at 0–4°C until use, and eggs were fertilized with a 1:25,000 dilution
of sperm.
Microinjection and Determination of pHi with
CECF–Dextran
Micropipettes for microinjection were prepared by pulling thin-
wall 1.5-mm glass tubing (World Precision Instruments, New
Haven, CT) using a Narishige Type PE-2 puller (Tokyo, Japan) and
were back-filled. Liquid was dispensed by brief pulses of air (30 psi)
delivered from a home-made pneumatic microinjector as described
(Rees et al., 1995). Using the eyepiece micrometer, the diameter of
the bolus was first measured in SF-96 (1000) silicone fluid (General
Electric); if necessary, the tip of the needle was scraped along the
bottom of the plastic petri dish to increase the diameter of the
opening, and the number and length of pulses were adjusted to
create a bolus of approximately 6 pl (approximately 0.6% of the egg
volume). Dejellied, unfertilized eggs were attached to plastic petri
dishes coated with 0.1 mg/ml poly-L-lysine, impaled, and injected.
ggs with any indication of damage following microinjection (such
s blebs or partial or complete fertilization envelope elevation)
ere not used. In many experiments, the injection needle became
artially clogged following the initial injections, so the number of
ulses was increased for subsequent eggs so as to make all injec-
ions as consistent as possible. Based on the level of BCECF
uorescence, the volume injected varied by as much as 2.5-fold in
given batch of eggs.
The pHi of eggs was determined using the fluorescent dye
BCECF as previously described (Shen and Buck, 1990; Rees et al.,
1995). The fluorescence of BCECF at 535 nm when excited at 490
nm is pH dependent while the fluorescence at 535 nm when
excited at 440 nm is pH independent; by determining the ratio of
the intensity of emitted light with the two excitation wavelengths
(490/440), it is possible to determine the pH while minimizing
variations due to concentration and path length (Bright et al., 1989).
Eggs were injected with 0.6% of their volume with a solution of 20
mg/ml BCECF–dextran in 0.5 M KCl containing 0.1 mM EGTA.
The fluorescence was measured with a Zeiss epifluorescence
microscope equipped with a 50-W mercury lamp and a Zeiss 403
(0.75 NA) immersion lens objective. A filter wheel (Sutter Instru-
ments, Novato, CA) allowed for rapid changing of the excitation
interference filters. Eggs were alternatively excited with 440- and
490-nm light, and the emitted light was passed through a Zeiss
fluorescein dichroic mirror and a 520- to 560-nm barrier filter and
detected with a low-light, high-sensitivity imaging tube camera
(Model C2400-08, Hamamatsu, Bridgewater, NJ); light levels were
analyzed with Image-1/FL quantitative fluorescence system soft-
ware (Universal Imaging Corporation, West Chester, PA). The
fluorescence ratio of BCECF–dextran (490/440) in the eggs was
calibrated and pH was calculated as described (Rees et al., 1995).
Determination of Pyridine Nucleotide Levels
Fluorescence spectra of NAD(P)H were made in 3-ml suspen-
sions of unfertilized or fertilized eggs in FSW containing 5 mM
glycylglycine (pH 8.0) using a Perkin–Elmer fluorescence spectro-
photometer. The eggs were maintained in solution using a preci-
sion control mixer (Spectrocell, Inc.) and were maintained at 16°C.
For the fluorescence scans, the intention was to demonstrate that
s of reproduction in any form reserved.
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396 Miller and Epelthere is an emission peak at 458 nm and that this peak increases
following fertilization. The cuvette (without eggs) was not blanked
to zero at 458 nm so that the spectrum would be positive and
within the range of the fluorometer for the entire spectrum;
therefore, the level of NAD(P)H is not quantitative for the spectral
scans shown in this paper.
For emission spectral scans, the excitation light was filtered
through a 365-nm interference filter (Edmund Scientific, Bar-
rington, NJ). This wavelength was used because the ultimate goal
was to develop a method by which NAD(P)H could be measured in
single eggs microscopically. To quantify NAD(P)H, it is most
accurate to measure emission in response to excitation at a
wavelength at which high intensities are available (Chance et al.,
1962), and for microscopic measurements, it was necessary to use
the 366-nm line from the mercury lamp.
NADH 1 NADPH was quantified in single eggs using a Zeiss
pifluorescence microscope equipped with a 50-W mercury lamp
nd a Zeiss 403 (0.75 NA) immersion lens objective. The excita-
ion light was filtered through a 365-nm interference filter (Ed-
und Scientific) with the diaphragm closed to just surround the
gg, and the emitted light was filtered through a Zeiss UV dichroic
irror and a 458-nm interference filter (Edmund Scientific) and
etected with a photosensor (Hamamatsu). NAD(P)H in the egg
as determined as the difference between the fluorescence emitted
y the egg and the background fluorescence from the dish. Fluo-
escence output was calibrated with solutions of NADH in water,
nd the output of the sensor was linear for NADH in solution in the
ange of 0–100 mM.
Pyridine nucleotides were extracted and measured biochemi-
ally using a spectrophotometric dye-based recycling microassay as
reviously described (Schomer and Epel, 1998).
Measurement of DNA Content
DNA content in eggs and zygotes was assayed based on a
protocol for maize eggs (Morgensen et al., 1995). During solution
changes, a protective dummy objective was placed above the eggs
attached to plastic dishes to prevent desiccation. Eggs were exposed
to as little light as possible during and after staining with DAPI.
Eggs were first fixed in 75% ethanol:25% glacial acetic acid for 1 h
with one change of solution. Eggs were then incubated for 45 min
in ethanol. Eggs were rehydrated for 30 min in 75% ethanol:25%
PBS followed by 30 min in 25% ethanol:75% PBS. Eggs were rinsed
for 15 min in PBS–Tx before being stained for 10 min in 0.1 mg/ml
DAPI in PBS–Tx. Eggs were washed twice for 10 min in PBS–Tx and
finally resuspended in PBS.
The fluorescence of the stained eggs was measured with a Zeiss
epifluorescence microscope equipped with a 50-W mercury lamp
and a Zeiss 403 (0.75 NA) immersion lens objective. The excita-
tion light was filtered through a 365-nm interference filter (Ed-
mund Scientific), and the emitted light was filtered through a Zeiss
UV dichroic mirror and a 458-nm interference filter (Edmund
Scientific) and detected with a low light camera (Model C2400-08,
Hamamatsu). Using Image-1 analysis software, the light level in
the area of the nucleus was measured. The fluorescence level of an
equal area of the adjacent cytoplasm was also measured, and the
relative amount of DNA was determined as the difference between
the nuclear and cytoplasmic levels.
l
l
Copyright © 1999 by Academic Press. All rightRESULTS
Validation of NAD(P)H and DNA Quantification
Using Fluorescence Techniques
NADH 1 NADPH validation. The oxidation–reduction
status of pyridine nucleotides can be continuously mea-
sured microfluorometrically in tissues (Chance et al., 1962;
Chance and Legallais, 1963). These compounds are excited
using the 365-nm mercury line and have a broad emission
spectra peaking at 460 nm (Lowry et al., 1957). Both have
the same amount of fluorescence on an equimolar basis in
water (Lowry et al., 1957).
In sea urchin eggs, NAD(P)H fluorescence begins to
increase by 50 s following fertilization, peaks by 2 min
following fertilization, and remains elevated throughout
the first cell cycle (Epel, 1964; our unpublished results).
There is an exact temporal relationship between this fluo-
rescence change and the NADP(H) changes determined
biochemically, demonstrating that the fluorescence
changes are indicative of the increased NAD(P)H (Epel,
1964; Whitaker and Steinhardt, 1981). The following experi-
ments present additional evidence that the fluorescence
changes specifically reflect changes in reduced pyridine
nucleotides and that the measurement of NAD(P)H can be
quantitative in single eggs.
The in vivo fluorescence spectra depicted in Fig. 1 show
fluorescence peaks in suspensions of L. pictus at the wave-
FIG. 1. Spectral emission scans of NAD(P)H autofluorescence in
unfertilized and fertilized Lytechinus pictus eggs. Using a 1%
suspension of eggs in a fluorescence spectrophotometer, eggs were
excited with 365-nm light and the emitted light at 400–500 nm was
determined. (Fertilized eggs were scanned 9 min following insemi-
nation at which point any change in fluorescence has stabilized).
Similar spectra were seen with two separate batches of eggs.engths characteristic of NAD(P)H. The NAD(P)H peak is
arger following fertilization than in the unfertilized eggs,
s of reproduction in any form reserved.
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397Roles of pH and NADPH in Egg Activationreflecting the known increase in NADH 1 NADPH. The
only other fluorescent molecule known to change during
the first few minutes following fertilization is the dity-
rosine linkages in the fertilization envelope. Dityrosine has
an excitation peak at around 330 nm and an emission peak
at 410 nm; it fluoresces very little at 458 nm (Hall, 1978).
Moreover, the increase in NAD(P)H fluorescence also oc-
curs following fertilization in eggs when elevation of the
fertilization membrane had been prevented using a DTT
treatment (DTT method as described by Epel et al., 1970),
indicating that the fluorescence changes following fertili-
zation in these eggs are not simply indicative of formation
or hardening of the fertilization envelope (data not shown).
Urechis caupo eggs have no increases in either NADH or
NADPH following fertilization or at any point during the
first cell cycle (Schomer and Epel, 1998), and the level of
NAD(P)H fluorescence also remains constant in Urechis
eggs following fertilization (data not shown).
Using a low-light camera, the increase in NAD(P)H
autofluorescence can be seen in single eggs following fer-
tilization (Fig. 2A). If this change truly reflects the mea-
sured change in pyridine nucleotides, the ratio of the
NAD(P)H level in the fertilized egg compared to the level of
NAD(P)H in the unfertilized egg should be the same using
either a biochemical or a fluorescence measurement.
Figure 2B shows the mean amount of NADH 1 NADPH
before and after fertilization measured biochemically in
four separate batches of eggs. The ratio of the amount of
NADH 1 NADPH in fertilized eggs to the amount of
NADH 1 NADPH in unfertilized eggs [NADH 1 NADPH]fert/
NADH 1 NADPH]unf 5 2.2. Figure 2C shows a typical in
itu fluorescence experiment where NAD(P)H is 2.2 times
igher following fertilization than before fertilization.
ince the fold increase in NADH 1 NADPH following
ertilization (measured biochemically) is very similar to the
uorescence change, it indicates that the in situ fluores-
cence technique can be used quantitatively.
DNA measurement validation. We modified a protocol
for measuring DNA content in maize eggs (Morgensen et
al., 1995). Sea urchin eggs were fixed in ethanol:acetic acid
(3:1) and stained with DAPI, and the DAPI fluorescence was
detected using a low-light camera. L. pictus eggs were
ertilized in the presence or absence of 5 mg/ml of the DNA
ynthesis inhibitor aphidicolin (with 0.1% DMSO) and
ncubated at 15°C. As shown in Fig. 3, by 31 min, the DNA
ontent doubled in eggs both with and without aphidicolin
ue to the joining of the egg and sperm nuclei. Between 31
nd 60 min, the DNA content again doubled in the control
ggs but not in the eggs incubated in aphidicolin; most of
his increase occurred between 46 and 60 min. In a previous
easurement of DNA synthesis following fertilization at
5°C in the sea urchin Strongylocentrotus purpuratus (us-
ng [3H]thymidine incorporation, Hinegardner et al., 1964),
NA synthesis also occurred between 30 and 55 min
ollowing fertilization, but most of the synthesis occurred
etween 30 and 40 min. This slight difference in timing
ay result from species differences.
Copyright © 1999 by Academic Press. All rightThe Effects of Increasing the pHi of Unfertilized L.
pictus Eggs by Injection of Buffers
Incubation of sea urchin eggs in sea water containing 15
mM NH4Cl (pH 8.0) results in centering of the egg pro-
nucleus, activation of DNA synthesis, and repeated chro-
mosome cycles, presumably as a consequence of the in-
creased pHi and/or NAD(P)H that takes place following
ncubation in ammonia. The pHi increase induced by am-
onia could be predicted in terms of its effects as a weak
ase. However, it is not obvious why the NAD(P)H level
ould also increase, and one possibility is that this increase
s related to some effect of ammonia, e.g., through some
ole in metabolism.
To try and dissect the roles of pHi and NADPH in the
activation of nuclear processes, we therefore attempted to
increase pHi only by the microinjection of zwitterionic pH
buffers. The pHi of the eggs was determined ratiometrically
using the pH indicator dye BCECF. In these experiments,
the unfertilized pHi was 7.10 6 0.08 and increased to 7.36 6
0.06 following fertilization. These pHi values are interme-
diary to previous measurements using BCECF: unfertilized
pHi 6.84–6.89 and fertilized pHi 7.3 (Shen and Buck, 1990)
and unfertilized pHi 7.22–7.26 and fertilized pHi 7.51–7.58
(Rees et al., 1995).
N,N-Bis(2-hydroxyethyl) glycine (bicine) is a zwitterionic
amino acid with a pKa of 8.35 at 20°C (Good et al., 1966). To
ncrease the pHi, eggs (containing BCECF) were injected
ith 0.6–1.2% of their cellular volume with 0.5 M bicine
itrated with KOH to pH 8.2 (or to pH 7.2 for controls); this
esulted in a final intracellular concentration of 3–6 mM
icine. Figure 4A shows typical kinetics for changes in pHi
of eggs following buffer injection. The pHi of eggs injected
with BCECF only increased slightly over time. Eggs injected
with BCECF followed by 0.5 M bicine (pH 7.2) had an
immediate but small initial increase in pHi and a slight
pward drift in pHi over time. Following injection with 0.5
bicine (pH 8.2), the pHi increased rapidly and remained
igh for several hours (Fig. 4A); the final pHi varied in these
xperiments (from 7.16 to 7.62), reflecting the variability in
njected volume as described under Materials and Methods.
A previous study (Johnson et al., 1976) determined the
uantity of hydroxyl ion needed to raise the pH of an
nfertilized sea urchin homogenate to the pH of a fertilized
ea urchin homogenate; for 5 ml of a 5% homogenate
prepared in unbuffered saline), this amount was 0.37 mmol.
Translating this to 1 ml of packed cells, 1.48 mmol of
OH2would be necessary to raise the pH of 1 ml of packed
nfertilized eggs to the fertilized pH. For 1 liter of cells, 1.48
M OH2 would be required to achieve the pH change at
fertilization. In these experiments, we added 3–6 mM
bicine (final concentration in the eggs). As about 50% was
in the form that could take up a proton (as bicine was near
its pK), this would be approximately 1.5 to 3 mM. There-
fore, the amount of bicine (pH 8.2) needed to raise the pHi
of unfertilized eggs to the fertilized pH is in the expected
range.
s of reproduction in any form reserved.
m398 Miller and EpelFIG. 2. The in situ fluorescence technique for measuring NAD(P)H in single eggs is quantitative. (A) The eggs were excited with 365-nm
light, and the emitted light was filtered with a UV dichroic mirror and 458-nm interference filter and imaged with a low-light camera. These
photoimages show the same egg before and 10 min after fertilization. (B) Unfertilized and fertilized eggs were extracted, and NADH and
NADPH were determined biochemically (mean 6 SEM; four batches of eggs). (C) Shows a typical experiment in which the NAD(P)H was
easured in individual eggs using in situ fluorescence, excitation 365 nm and emission 458 nm (mean 6 SEM; 10 eggs).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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elow 7.3 failed to undergo nuclear centering or nuclear
nvelope breakdown. All eggs in which the pHi rose to
above 7.4 were activated (nuclear centering and nuclear
envelope breakdown). Eggs in which the pHi increased to
7.3–7.4 had an inconsistent response, suggesting that a
threshold for activation occurs in this range. Interestingly,
the range of the apparent threshold for activation follows
closely to the range of pH found in fertilized L. pictus eggs.
To determine whether the activation was due to the
presence of bicine in the eggs or due to the actual increase
in pHi, eggs were injected with an equal volume of 0.5 M
bicine (pH 7.2). This injection did not cause the pHi to
elevate to the fertilized range, and 0/6 of these eggs acti-
vated. Injection of eggs with 0.5 M KCl also does not cause
egg nuclear activation, so the activation is not due to
increasing potassium in the egg (data not shown). Also, no
(0/11) eggs injected only with BCECF activated. Injection of
eggs with a different zwitterionic buffer (0.5 M Hepes, pH
8.2) also caused activation of egg nuclei when the pHi rose
above the fertilized level (data not shown). Therefore, the
activation of the nucleus is due to the increase in pHi rather
than the presence of bicine, potassium, or BCECF in the
egg.
Eggs were monitored for several hours to be certain that
no delayed activation occurred. At the conclusion of each
experiment, eggs that had not shown activation were fertil-
ized to ensure that they were capable of activation (evi-
denced by nuclear migration and/or NEBD). In most cases,
FIG. 3. Measurement of DNA synthesis in single eggs. Eggs were
ncubated in the presence () or absence (F) of 5 mg/ml aphidicolin,
fertilized, and incubated at 15°C. Eggs were fixed in 75% ethanol:
25% acetic acid at the indicated time following fertilization and
stained for DNA content using DAPI. DNA content doubled by 31
min when the egg and sperm nuclei combined in eggs both with
and without the inhibitor. DNA content doubled a second time
only in the uninhibited eggs (as DNA synthesis occurred).fertilization caused the pHi to rise to the normal fertilized
Hi, and activation occurred. Less than 10% of eggs injected
Copyright © 1999 by Academic Press. All rightFIG. 4. Increasing the intracellular pH of unfertilized Lytechinus
pictus eggs to at or above the fertilized pH by injection of bicine
activates nuclear centering and NEBD. Eggs were injected with
BCECF only (F), BCECF followed by 0.5 M bicine (pH 7.2) (), or
BCECF followed by 0.5 M bicine (pH 8.2) (). The pH was
determined using ratio imaging, and the nuclei were monitored
using bright-field microscopy. (A) Time course. In eggs injected
only with BCECF, there was a slow increase in pH over time. In
eggs injected with 0.5 M bicine (pH 7.2), there was an immediate
but small increase in pH followed by a small increase in pH over
time. In eggs injected with 0.5 M bicine (pH 8.2), the pH was
elevated by 5 min and remained elevated for up to 100 min. The
eggs were inseminated at the indicated time to show that they were
still capable of a pHi rise and to demonstrate the rise that occurs
following fertilization. (B) Effect of buffer injection on nuclear
activation. In eggs recorded as “not activated,” neither nuclear
centering nor NEBD was observed. In most eggs recorded as
“activated,” both nuclear centering and NEBD were observed.
(However, in one egg nuclear centering could not be assessed due to
the initial position of the nucleus, and in another egg, centering
was observed but NEBD could not be verified due to the presence
of several dark vesicles near the center of the egg.) Note that
activation took place in eggs where the pHi following buffer
injection was greater than 7.4.
s of reproduction in any form reserved.
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400 Miller and Epelwith BCECF (with or without bicine) failed to activate at
the end of the experiment, and they were excluded from the
data set.
As shown in Fig. 5, increasing the pHi of the unfertilized
egg to the fertilized level can activate DNA synthesis. L.
pictus eggs were injected with BCECF (for the purpose of
pHi measurement) followed by injection of 0.5 M bicine (pH
8.2) to elevate the pHi to the fertilized level or followed by
0.5 M bicine (pH 7.2) as a control for the effects of bicine
injection. Eggs were fixed 110 min following bicine injec-
tion and stained and analyzed for DNA content. Injection of
eggs with 0.5 M bicine (pH 8.2) resulted in a range of final
pHi levels as noted above. The mean DNA content of eggs
n which the pHi was elevated to above 7.3 was 115 3 103
DAPI fluorescence units, twice the amount of DNA in the
uninjected eggs (53 3 103 DAPI fluorescence units). By
ontrast, the amount of DNA in eggs injected with BCECF
nly or BCECF followed by 0.5 M bicine (pH 7.2) was not
tatistically different from uninjected eggs. Similarly, in
ggs injected with BCECF followed by 0.5 M bicine (pH 8.2)
here the pHi did not increase above 7.3, the level of DNA
remained at the uninjected level.
Among the nine eggs in which the pHi rose to above 7.3,
FIG. 5. Increasing the intracellular pH of unfertilized Lytechinus
pictus eggs to at or above the fertilized pH activates DNA synthe-
sis. Eggs were injected with BCECF only, BCECF followed by 0.5 M
bicine (pH 7.2), or BCECF followed by 0.5 M bicine (pH 8.2). The pH
was determined using ratio imaging, and the eggs were fixed in
75% ethanol:25% acetic acid 110 min after injection with bicine
and then stained and assessed for DNA content. *Significantly
different from uninjected controls (P value , 0.001).even were activated to undergo nuclear centering and
EBD. One of the eggs which did not exhibit nuclear
M
N
Copyright © 1999 by Academic Press. All rightentering or NEBD by 110 min following injection had a
NA content of 110 3 103 DAPI fluorescence units, indi-
ating that DNA synthesis had occurred. The other egg
hich had a pHi above 7.3, but did not exhibit nuclear
centering or NEBD, had a DNA content of 40 3 103 DAPI
uorescence units, indicating that DNA synthesis had not
een activated.
As noted above, incubation of eggs in weak bases causes
n increase in reduced pyridine nucleotides as well as the
Hi rise (Whitaker and Steinhardt, 1981), but the mecha-
ism of the increase in reduced pyridine nucleotides is not
nown. The increase could result from the pHi change,
rom disruption of lysosomal activity, or from some other
nknown effect of amines. The intent of these bicine
njection experiments was to increase the pHi without
causing an increase in reduced pyridine nucleotides (or
these other potential effects of ammonia). However, similar
to the effects of activation using 15 mM ammonium chlo-
ride (pH 8.0), increasing the pHi by bicine injection caused
the level of NADH 1 NADPH to increase 50% by 10–20
in after treatment and raised the level of NAD(P)H to
early double the control levels by 60 min after treatment
Fig. 6). There was no increase in reduced pyridine nucleo-
ides in eggs injected with an equal volume of 0.5 M bicine
pH 7.2), so the increase in NAD(P)H is an effect of increas-
ng the pHi and not an effect of the presence of bicine in the
egg. Thus, increasing the pHi of eggs causes an increase in
reduced pyridine nucleotides, and it is not possible to
increase the pHi (by these techniques) without a subsequent
increase in NAD(P)H.
The Effects of Increasing NADPH Alone
Although we were unable to increase the pHi of the
unfertilized egg without increasing the NAD(P)H, it was
possible to increase the NADPH alone. Following fertiliza-
tion, the concentration of NADPH in L. pictus eggs is
nown to increase from 34 to 99 nmol/ml packed eggs
Schomer and Epel, 1998). To increase the level of NADPH
n the unfertilized egg to the fertilized level, unfertilized
ggs were injected with approximately 1% of the cellular
olume with 6 mM NADPH in 0.5 M KCl, 0.1 mM EGTA
pH 7.0); this should increase the intracellular concentra-
ion of NADPH from 34 to approximately 94 nmol/ml
acked eggs.
In the experiment presented in Fig. 7, the level of
AD(P)H measured by in situ fluorescence in the control
ggs (i.e., the fertilization changes) increased from 24 6 1
uorescence units (mean 6 SD, n 5 9) before fertilization to
4 6 5 fluorescence units (mean 6 SD, n 5 9) after
fertilization. As shown in Fig. 7A, microinjection of
NADPH into unfertilized eggs caused NAD(P)H to increase
from 22 6 2 (mean 6 SD, n 5 9) to 55 6 5 (mean 6 SD, n 5
) fluorescence units, and the fluorescence remained near
his level for over 130 min. As a control, the injection of 0.5KCl, 0.1 mM EGTA did not result in an increase in
AD(P)H fluorescence.
s of reproduction in any form reserved.
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401Roles of pH and NADPH in Egg ActivationWith the exception of one egg which elevated a partial
fertilization envelope following NADPH injection, none of
the other eight eggs augmented with NADPH were stimu-
lated to undergo nuclear migration or NEBD, and the chromo-
somes appeared the same as in unactivated eggs (data not
shown). As shown in Fig. 7B, the DNA content was the same
in control and NADPH-elevated eggs fixed 170 min after
injection. However, the egg with the partial fertilization
envelope and which had undergone NEBD had a DNA content
of 158 units (over four times the unactivated level), indicating
that this egg had undergone at least two rounds of DNA
replication. Thus, augmenting NADPH is not sufficient to
activate nuclear centering, DNA synthesis, or NEBD.
The pHi-Induced Increase in NAD(P)H Does Not
equire Intracellular Calcium
The above results indicate that increasing pHi directly by
microinjection of buffer also elevated the NAD(P)H level.
This is similar to activation with weak bases which el-
evates NADPH and increases the ratio of NADPH/NADP
(in the absence of the calcium-dependent NAD kinase
reaction which occurs at fertilization, as in Whitaker and
Steinhardt, 1981).
Two different types of experiments were done to assess
FIG. 6. Increasing the intracellular pH of unfertilized Lytechinus
eggs was increased either by treatment with FSW containing 15 m
bicine (pH 8.2) (n 5 2) (). Both of these treatments caused a similar
Injection of eggs with 0.5 M bicine (pH 7.2) (n 5 2) () (which does nthe roles of calcium and pHi in the increase in NAD(P)H. To
clamp the pHi of zygotes at the unfertilized level, L. pictus
Copyright © 1999 by Academic Press. All rightmbryos were diluted with an equal volume of FSW con-
aining 50 mM sodium acetate, 100 mM Aces (pH 6.8) at
0 s after insemination as described (Rees et al., 1995).
ssessment of the pHi using BCECF verified that this
ethod maintained fertilized eggs at the unfertilized pHi
while control eggs had a normal increase in pHi. The levels
of NAD, NADH, NADP, and NADPH were determined by
extraction and enzyme recycling assays. As shown in Table
1, during fertilization, the increase in pHi was not required
or the activation of NAD kinase nor for the shift in the
ADPH/NADP ratio. These results are similar to earlier
xperiments where the pH rise at fertilization was blocked
y using sodium-free conditions (Whitaker and Steinhardt,
981). Both acetate clamping and sodium-free conditions
revent nuclear centering, DNA synthesis, and NEBD
hile there is a normal increase in NAD(P)H (Whitaker and
teinhardt, 1981; Rees et al., 1995).
Another experiment assessed the role of calcium in the
Hi-induced increase in NAD(P)H following ammonia ac-
tivation. To determine the role of calcium in this increase,
eggs were injected with BAPTA prior to ammonia activa-
tion. There was a delay of nuclear centering and NEBD in
the eggs containing BAPTA (indicating that calcium was
being buffered by the BAPTA) (Steinhardt and Alderton,
1988), yet there was a normal increase in NAD(P)H (Table
s eggs stimulates an increase in NAD(P)H. The intracellular pH of
monium chloride (pH 8.0) (n 5 10) (F) or by injection with 0.5 M
ase in NAD(P)H as evidenced by an increase in in situ fluorescence.
ause a large increase in pHi) did not cause an increase in NAD(P)H.pictu
M am2). The pHi-induced increase in NAD(P)H appears to be a
calcium-independent change.
s of reproduction in any form reserved.
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402 Miller and EpelDISCUSSION
Effects of Increasing the pHi of Unfertilized Eggs
Numerous investigators have examined the effects of
increasing the pHi in unfertilized sea urchin eggs. Incuba-
FIG. 7. NAD(P)H can be elevated in unfertilized Lytechinus pictus
ggs by injection of NADPH, but increasing NADPH is not sufficient
o activate DNA synthesis. Eggs were injected with 6 mM NADPH in
.5 M KCl, 0.1 mM EGTA () or with 0.5 M KCl, 0.1 mM EGTA (F).
he NAD(P)H in these eggs increased from 24 6 1 to 44 6 5
uorescence units following fertilization. (A) Injection of NADPH
nto unfertilized eggs caused NADPH to remain sustained above the
ertilized level for over 135 min. (B) The eggs were fixed 170 min after
njection and stained for DNA content; data are presented as means 6
EM (n). The “activated” egg elevated a fertilization membrane upon
ADPH injection; it probably underwent multiple rounds of DNA
eplication before fixation (at 170 min following injection).tion of eggs in weak bases such as ammonia or procaine
increases the pHi and activates cytoskeletal changes and
Copyright © 1999 by Academic Press. All rightovement of the egg pronucleus (Schatten et al., 1985),
rotein synthesis (Epel et al., 1974), DNA synthesis (Mazia
nd Ruby, 1974), and chromosome cycles (Mazia, 1974).
lthough both fertilization and incubation in ammonia
ncrease the pHi and activate eggs, suggesting a critical role
or the pHi change, there are potential problems with
ammonia activation. First, activation with ammonia (2.5, 5,
or 10 mM NH4Cl, pH 8.1) causes the pHi to elevate above
the fertilized pHi; fertilization causes a 0.4 unit pHi rise
while ammonia causes the pHi to increase 0.8 units (Shen
and Steinhardt, 1978), so one does not know if a rise just to
the physiological fertilized pHi level would be adequate.
econd, a drawback with weak bases is in the potential to
isrupt lysosomal function (Dean et al., 1984). Finally,
mines can activate processes such as protein synthesis
ndependently of pHi changes (Dube´ and Epel, 1986).
Other investigators have tried to alter the pHi of unfer-
tilized eggs by incubating the eggs in high external pH (pHo
9.0 or 9.2). This treatment causes a weak activation of
protein synthesis compared to when the eggs are incubated
in ammonia (Dube´ and Epel, 1986), and incubation of eggs
in sea water pH 9.2 alone (in the absence of a penetrating
base) fails to activate DNA synthesis (Mazia and Ruby,
1974). The absence of egg activation with a high pHo has
esulted in criticism of the hypothesis that the pHi increase
at fertilization is important in egg activation (Jaffe, 1985).
This absence of activation most likely results from an
insufficient pHi rise. Even when eggs were incubated for 65
in in sea water titrated to pH 9.9, the pHi did not increase
to as high as the fertilized level (unpublished observations).
Previous observations that the pHi varied with changes in
he pHo were made with the DMO method (Johnson and
pel, 1981) which is now realized to be inaccurate at pH’s
8.5 (see Dube´ et al., 1985).
In the experiments presented here, the pHi of unfertil-
zed eggs was directly increased by microinjection of the
uffer bicine which has a pKa of 8.35 (Good et al., 1966).
This buffer remains overwhelmingly in the zwitterionic
form at pH 7.4 (Good et al., 1966) which should preclude
its diffusion across biological membranes (de Duve et al.,
1974), so it should not affect the function of lysosomes or
other acidic vesicles. Another potential problem with
previous methods of altering the pHi (weak bases or high
pHo) are that the pHi increases too much or too little,
aking it difficult to compare with physiological
hanges. In the experiments where the pHi was increased
to variable levels by injection with bicine, the results
indicated that there is a threshold pHi required to acti-
vate nuclear centering, DNA synthesis, and NEBD and
that this threshold corresponds to the fertilized pHi.
Since injection of buffer avoids some of the problems
inherent with altering pHi by incubation in weak bases or
in a high pHo, this technique provides strong evidence
that increasing the pHi is a sufficient initial signal to
activate nuclear centering and DNA synthesis.
s of reproduction in any form reserved.
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403Roles of pH and NADPH in Egg ActivationEvidence for More Than One Mechanism of
Increasing Reduced Pyridine Nucleotides
during Egg Activation
Following fertilization, there are a series of calcium-
dependent, pH-independent changes leading to an increase
in reduced pyridine nucleotides. First, there is a calcium/
calmodulin-mediated activation of NAD kinase (Epel et al.,
1981) which increases the pool of NADP in the egg. This
NADP is reduced to NADPH by an increase in pentose
shunt activity (Swezey and Epel, 1995), which is the egg’s
primary means of NADPH production (Rees et al., 1996),
and this increase in pentose shunt activity is in part also
regulated by a calcium-dependent mechanism (Swezey and
Epel, 1986). Although the NADP increase at fertilization is
dependent on calcium, it is independent of the pHi rise.
hen fertilized eggs were buffered with acetate to clamp
he pHi at the unfertilized pH, there was a normal conver-
ion of pyridine nucleotides (as shown here). Despite the
act that these fertilization changes in pyridine nucleotides
an occur independently of a pHi rise, the artificial parthe-
nogenesis that occurs upon raising the pHi with ammonia
TABLE 1
Pyridine Nucleotide Levels in Lytechinus pictus Eggs Are Altered
at the Unfertilized pH after Fertilization
NAD NADH NADP
Unfertilized 211 6 32 (4) 19 6 3 (6) 27 6 6 (5)
Control
fertilized
176 6 37 (4) 36 6 2 (4) 28 6 3 (6)
pH clamped
fertilized
155 6 7 (3) 34 6 13 (2) 23 6 2 (3)
Note. The pH of L. pictus embryos was held at the unfertilized le
after insemination. Pyridine nucleotide levels are expressed in mea
expressed as the mean ratio 6 SEM (n).
TABLE 2
NAD(P)H Levels Increase in Lytechinus pictus Eggs Following Ac
When the Calcium Is Buffered with BAPTA
NAD(P)H before ammonical
activation (mV)
NAD
followi
activ
No injection 13.4 6 3.0 (4) 37.
3 mM BAPTA 16.2 6 4.5 (2) 35.
6 mM BAPTA 13.8 6 0.1 (2) 39.Note. L. pictus eggs were activated with 15 mM NH4Cl (pH 8.0) follo
y in situ fluorescence. Values given are means 6 SD (n). Nuclear cen
Copyright © 1999 by Academic Press. All rightincubation or buffer injection also causes changes in the
reduction status of the pyridine nucleotides. Incubating
unfertilized eggs in ammonia can increase the pHi without
n initial calcium rise (Poenie et al., 1985). Treatment of L.
pictus eggs with 10 mM procaine (pH 8.0) causes NADH to
increase to 30% higher than the fertilized concentration
and causes NADPH to double from the unactivated level;
ammonia causes similar changes (Whitaker and Steinhardt,
1981; Schomer, 1998). During this artificial egg activation
with either ammonia or procaine, the increase in NADPH
occurs at the expense of NADP since NAD kinase is not
activated in the absence of a calcium wave (Whitaker and
Steinhardt, 1981).
The experiments reported here show that increasing the
pHi of unfertilized eggs by injection of the pH buffer bicine
causes an increase in NAD(P)H similar in magnitude and
timing to the increase caused by incubation in weak bases.
This suggests that the increase in pHi causes an increase in
reduced pyridine nucleotides. The increase in NAD(P)H
that is stimulated by ammonia occurs in eggs injected with
BAPTA, indicating that calcium is not required.
ally When the pH Is Held
ADPH
NADP 1
NADPH
NADPH/
NADP NADH/NAD
6 2 (6) 61 6 8 (5) 1.4 6 0.2 (5) 0.11 6 0.05 (5)
6 10 (8) 129 6 13 (5) 3.5 6 0.4 (5) 0.27 6 0.02 (3)
6 7 (3) 104 6 16 (3) 3.4 6 0.1 (3) 0.21 6 0.08 (2)
sing an acetate clamp. Pyridine nucleotides were extracted 20 min
idine nucleotide level nmol/ml packed eggs 6 SEM (n). Ratios are
on by Ammonium Chloride
30 min
monical
n (mV)
Time until nuclei
centered Time until NEBD
.6 (4) All centered by 25
min
All NEBD by 70 min
.6 (2) 2/2 centered 1/2 NEBD
1 after 45 min,
1 after 100 min
195 min
.1 (2) 0/1 centered 0/1 NEBDNorm
N
34
99
81
vel utivati
(P)H
ng am
atio
9 6 3
0 6 1
9 6 1wing injection with 3 or 6 mM BAPTA. NAD(P)H was determined
tering and NEBD were assessed by phase microscopy.
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404 Miller and EpelThese findings indicate that several mechanisms can
increase NAD(P)H in sea urchin eggs. The mechanism used
in fertilization is pH independent and involves the calcium-
mediated activation of NAD kinase and increased pentose
shunt activity. The second mechanism, seen in artificial
activation with weak bases, is pH stimulated and calcium
independent. The nature of this pH-dependent mechanism
is unknown.
The Role of NADPH in Egg Activation
The intention of this study was to ascertain the role of
the NADPH change after fertilization, and it was hoped
that increasing the pHi directly with buffer would not
induce an increase in NAD(P)H. As shown, increases in
NAD(P)H were in fact the consequence of buffer injection
and the pHi rise, thus precluding a direct test of the role of
increased NADPH (but allowing a better proof of the role of
increased pHi in fertilization as discussed above). One ideal
experiment would be to fertilize eggs in the presence of
specific inhibitors of glucose-6-phosphate dehydrogenase to
block activation of the pentose shunt; our attempts to block
glucose-6-phosphate dehydrogenase using steroid and anti-
body inhibitors of the enzyme were unsuccessful because
NADPH levels increased in the presence of these inhibitors.
Another ideal experiment would have been to induce the
pHi change and then to see if the addition of NADPH would
cause entry into the cell cycle. As shown in this report,
however, dissociation of the pHi change from the NADPH
change is not possible, at least with current techniques.
The studies presented here show that injection of
NADPH by itself was insufficient to cause entry into the
cell cycle. However, a pHi change is also required for a
umber of postfertilization changes such as microtubule
ssembly (Schatten et al., 1985; Suprenant and Marsh, 1987;
uprenant, 1989), and presumably this would have been a
ecessary condition for complete egg activation. Another
hange that presumably did not occur when the NADPH
as injected was a rise in the calcium level (not measured
irectly, but inferred from the absence of a cortical reac-
ion). This calcium change too may be critical for egg
ctivation in addition to the pHi rise (and NADPH increase)
o that even when the NADPH increase occurred upon
njection, any role of NADPH would not have been seen
ecause of the absence of a calcium increase.
These experiments do not completely eliminate a role for
he NADPH change in the cascade of events that lead to
ntry into the cell cycle. NADPH is clearly required for
ydrogen peroxide production (Heinecke and Shapiro,
989), and this coenzyme might also be needed for in-
reased translational activity via effects of NADPH on the
nitiation factor eIF-2B (Colin et al., 1987; Akkaraju et al.,
991) for synthesis of proteins such as cyclins.
In conclusion, these studies clearly indicate that the pHi
rise after fertilization is a critical component of the activa-
tion process in sea urchin eggs. The injection of buffers
directly raises pHi, and entry into the cell cycle occurs at
Copyright © 1999 by Academic Press. All rightHi levels similar to that experienced in normal fertiliza-
ion. This approach also eliminates the possible side effects
hat could arise from the use of weak bases to alter pHi. In
ombination with a large number of studies on the effects of
nhibiting the pHi rise, there is now strong proof for the pHi
requirement. However, the role of the NADPH change in
the postfertilization stimulation of the egg is still unclear
since both the pHi change and the NAD(P)H change might
be necessary and at the moment cannot be experimentally
dissociated from one another.
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